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Abstract 
The effect of poly(ethylene-alt-maleic anhydride) (EMA), an additive used in nickel powder precipitation  
has been studied using sodium hypophosphite as a reducing agent. Reduction experiments were 
conducted using a 10 L stainless steel batch reactor. The effect of EMA was investigated by studying the 
evolution of the particle size distribution (PSD) and its derived moments, specific surface area, rate of 
reduction, pH-redox potential, and elemental composition of the powder product. EMA has been found 
to act as a reduction catalyst and anti-agglomerating agent. The major particulate processes 
identified were size dependent aggregation, molecular growth, and breakage.  
Keywords: Nickel; poly(ethylene maleic anhydride); precipitation; reduction crystallization. 
1. INTRODUCTION 
Reduction crystallization (chemical precipitation) of metal from solution as a powder is widely 
used in electroless plating operations and base metal refining (Agrawal et al., 2006). The process 
involves oxidation-reduction reactions in aqueous as well as non aqueous media, where a metal 
ion is precipitated in its elemental form by means of a reducing agent (Naboychenko, 2009). 
Metallic powders find wide application in a number of chemical and metal industries ranging 
from steel and alloy production, catalysis, pigments, and explosives. For metallic powders, the 
properties of the individual particles (e.g. size, shape, and microstructure) and the bulk properties 
(e.g. chemical composition, PSD, specific surface area, and apparent density) are important in 
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powder metallurgy. These requirements normally dictate the method of powder production (i.e. 
mechanical, chemical, or electrochemical) (Niekov, 2009). Chemical and electrochemical 
methods are widely used for producing high purity metal powders (Niekov, 2009). Additives 
play a significant role in chemical and electrochemical methods and virtually all commercial 
processes employ them in powder production (Willis and Essen, 2000). Nickel powder 
precipitation can be conducted using gaseous reducing agents such as hydrogen, sulphur dioxide, 
and carbon monoxide or liquid reducing agents such as sodium hypophosphite, borohydride, and 
hydrazine (Evans, 1968; Mallory 1990). Additives employed in the production of nickel powders 
can be divided into six groups based on their chemical structure and function including: 
anthrancene derivatives; maleic anhydride derivatives; inorganic compounds; polyacrylic acid 
derivatives; surfactants which act as flocculants, dispersants and wetting agents; and 
polysaccharides. However, the mechanism of many of these additives is not well understood 
with most of them being employed on a trial and error basis. Previous studies of these additives 
primarily observed the changes in powder morphology using scanning electron micrographs to 
study the effect of specific additives, and accordingly, could not provide adequate information on 
the precipitation kinetics (Kunda et al., 1965; Kunda and Evans, 1968).While these studies 
provided guidelines in terms of selecting additives for use in commercial applications, detailed 
studies on the mechanisms of powder formation and how these are affected by the concentration 
of each additive were not provided. Furthermore, it is often impossible to identify the 
mechanisms involved in powder formation based on photographic evidence alone (Randolph and 
Larson, 1988). Thus, a more detailed study based on the evolution of the PSD is needed to 
validate scanning electron micrographs observations.  
This paper investigates the effect of poly(ethylene-alt-maleic anhydride) (EMA) on the 
crystallization behaviour of nickel powder using sodium hypophosphite as a reducing agent.  
Hirasawa and Horikawa (2000) investigated the removal and recovery of nickel ions from waste 
water from electroless plating by reduction crystallization, using sodium hypophosphite ion as a 
reducing agent. They found that over 99% of Ni was removed and recovered; however, the 
surface of the resulting nickel seeds were covered with phosphorus resulting in a decrease in the 
nickel reduction rate for the subsequent batch reduction. Vorobyova et al. (2004) used sodium 
hypophosphite as a reducing agent in the electroless plating of gold onto a nickel substrate from 
a hypophosphite-dicyanoaurate bath.  
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Hypophosphite was also employed as a reducing agent in the study of electroless copper plating 
on PET fabrics using hypophosphite as a reducing agent (Gan et al., 2007). They observed that 
the deposition rate increased with temperature, nickel ion concentration and pH. In a study, by 
Ghattas (2006), sodium-hypophosphite was utilized as a novel reducing agent in the preparation 
of silver/silica gel catalysts.  
Maleic acid anhydride has been found to change the physical characteristics, especially the 
surface texture of the powder product. It has also been found that the control of the physical 
characteristics of precipitated metal powders can be accomplished when as little as 5 mg/L of 
ethylene maleic anhydride polymer is added to the reduction solution (Kunda and Campbell, 
1972). In most cases, favourable results were attained with the addition of between 5 mg/L – 10 
mg/L of ethylene maleic anhydride polymer for each batch reduction. It was noticed that the 
average reduction time in the absence of additives was about 25 – 30 min whereas it was only 
about 10 – 12 min when EMA was added. This showed that maleic acid anhydride acts as a 
reduction catalyst by substantially reducing the time required for reduction. Ethylene maleic 
anhydride polymer was also found to give powders that were more agglomerated than the system 
without additives (Kunda et al., 1965). Prior test work performed by Chou et al., (1976) using the 
sodium salt of the maleic acid anhydride-diisobutylene copolymer showed it to be the best agent 
for preventing plastering on the walls of the autoclave in comparison with certain dispersants, 
surfactants, flocculants and flotation collectors. They found that the additive controlled the 
physical properties of the powder product by decreasing its apparent density (Chou et al., 1976). 
The aim of this study was to investigate the influence of EMA on the reduction crystallization 
behaviour of nickel powder with particular emphasis on how it affects the precipitation kinetics, 
and how these effects change with increase in additive dosage. The experimental work was 
divided into two phases. In the first phase of study, EMA dosages at 0, 5 and 10 mg/L were 
investigated; and in the second phase, experiments were conducted at EMA dosages between 0-5 
mg/L (i.e. 2 mg/L) and 5-10 mg/L (i.e. 7 mg/L) based on the findings of the first phase of the 
experimental studies.  
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2. METHODOLOGY 
2.1 Apparatus 
Experiments were conducted using a 10 L stainless steel batch reactor fitted with 3 baffles, a 4-
pitched blade axial impeller, heating element, thermocouple and thermostat for temperature 
control. The impeller off bottom clearance was 50 mm to ensure adequate suspension of the 
dense nickel particles. A schematic representation of the reactor is shown in Fig. 1. The reagents 
were weighed on an analytical balance (model Radweg PS 6000/c/l). pH and potential were 
measured by a pH-potential meter (model Mettler Toledo, InLab 74X Series). Inductively 
coupled plasma - optical emission spectroscopy (ICP-OES; model spectro Arcos FSH12) was 
used to measure the concentration of nickel solution before and after reduction. X- Ray 
Flourescence (XRF; model Magix Pro Phillips) was used to determine the elemental composition 
of the powder product. The particle size distribution of the product powder was measured using 
the laser diffraction technique (Malvern particle analyser; model Mastersizer 2000) coupled to a 
liquid dispersing unit (model Hydro 2000G). The powder morphology was captured using 
Scanning Electron Microscopy (SEM, model Jeol JSM 5600). BET measurements were 
conducted using a Micromeritics Tristar (Flow Prep 060) to measure the specific surface area of 
the powder produced.  
2.2 Material 
Nickel seed supplied by Impala Platinum Refineries was used to initiate the reduction reaction. 
The reduction solution was prepared by dissolving 11.20 g of NiSO4 in the form of nickel sulfate 
hexahydrate (99%) and 9.03 g of sodium hypophosphite in 5 L of water to give a solution 
containing 0.5 g/L Ni
2+ 
and 0.5 g/L of the hypophosphite ion. Ammonia solution (analytical 
grade; 98.0-99.5%) was used as a pH regulator to maintain the pH at 8.1±0.1. Ammonia also 
acted as a nickel complexing agent preventing the precipitation of metal hydroxides at higher 
pH. Sodium hypophosphite was used as a reducing agent. Poly(ethylene-alt-maleic anhydride) 
(Sigma-Aldrich) was used as an additive at concentrations of 0, 2, 5 and 10 mg/L, respectively. 
2.3 Experimental procedure 
5 L of reduction solution was added to the batch reactor, 20 g of nickel seed was then added to 
the solution as seeding material on which electroless deposition occurs. The mixture was then 
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agitated at a constant speed of 850 rpm and the heating element switched on to heat the contents 
to a temperature between 60 – 70oC. The temperature of the reaction mixture was controlled 
automatically using a thermostat. A predetermined amount of EMA was added into the solution 
before heating and agitation for experiments where EMA was used. When the temperature of the 
reduction solution reached 60
o
C ammonia solution was added to increase and maintain the pH at 
8.1±0.1. Between 25-30 ml of ammonia solution was added per batch to raise and maintain the 
pH at approximately 8. The addition of NH3 initiated the reduction reaction (Equation 1), since 
hypophosphite reduction is pH dependent.  
complexorO2HHPONiOH3POHcomplex-Ni 2
-2
3
--
22
2   (1) 
The reaction was allowed to occur for 3 min, thereafter, the agitator and heating element were 
switched off and the nickel powder was allowed to settle. A reaction time of 3 min was selected 
since it was observed that the pH became stable after 3 min, indicating that the reaction had 
almost gone to completion. A 5 mL sample of the reduced solution was then sampled to analyze 
for the residual nickel concentration using ICP-OES. The remaining liquid solution was then 
siphoned using a pipette leaving behind the nickel powder to act as seeding material for the next 
batch reduction. A minute volume of the reduced solution was left with the seed material to keep 
it wet in order to avoid direct contact of the seed with the hot reactor surface. A fresh reduction 
solution was then added to the reactor containing nickel powder from the previous batch 
reduction. A predetermined amount of EMA (if used) was then added and the mixture agitated 
and heated as previously described. After the third reduction, both the reduced solution and the 
nickel powder were drained from the reactor. The powder was separated from the solution by 
filtration and then washed with hot water after which it was dried in an oven at 80
o
C. The next 
set of experiments were conducted by using fresh nickel seed as seeding material and three batch 
reductions were conducted for each experimental run. Each experiment was replicated. The PSD 
of each powder sample was measured three times to ensure the precision of the results and the 
mean result was calculated using the Malvern software (Mastersizer 2000 Software). The mean 
result was used in analyzing the PSD.  
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2.4 Modeling 
The PSD obtained from the laser diffraction technique was converted to number density n(L) 
using Equation 2, based on the volume based histogram ( ivol%  versus iL ), where i  indicates the 
size sub-range and the particle concentration  %)(volconc . A volume shape factor  vk  equal to 
6/  was used since the particles were nearly spherical. 
 
 



i
v
i
Lk
volconcvol
dLLn
3
1
.
100
%%
 (2) 
The moments of the PSD were calculated from the number density function, n(L), with respect to 
internal coordinate, L, using equation 3; 
 


0
dLLnLm jj  (3) 
where mj is the j
th
 moment, L is the size. For j = 0, the 0
th
 moment, m(0) is obtained and is 
equivalent to particle number. If  j = 1, the 1
st
 moment, m(1) is obtained and is equivalent to the 
particle length;  j = 2, yields the 2
nd
 moment, m(2) which is equivalent to the particle surface 
area; j = 3, yields the 3
rd
 moment, m(3)  which is equivalent to the volume of particle and j = 4, 
yields the 4
th
 moment, m(4) which is equivalent to the particle mass. 
3 RESULTS AND DISCUSSION 
The evolution of the number distribution and its derived moments, weighted mean sizes, nickel 
depletion rate, specific surface area, and pH-potential in the presence of EMA and without EMA 
are discussed hereafter. Each figure presented shows the results of replicate tests.   
3.1  Number distribution 
The number distribution of the seed and powder obtained at the third densification (D3) in the 
absence of EMA and at EMA dosages of 2, 5, 7, and 10 mg/L is shown in (Fig. 2). A shift in the 
modal size to the right and a decrease in the area under each curve when reduction was 
conducted in the absence and presence of EMA was observed.  This indicates size enlargement 
of the particles and decrease in particle number respectively. 
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3.2  Normalized  moments 
Fig. 3 shows the 0
th
 moment (equivalent to particle number) of the seed and powder at the 3
rd
 
densification at different EMA dosages. There was a decrease in the 0
th
 moment, corresponding 
to an overall decrease in the number of particles in the presence and absence of additive (Figure 
3). Decrease in particle number can be attributed to particle aggregation. There was an overall 
increase in the 0
th
 moment when the EMA dosage was increased from 0 mg/L to 2 mg/L, 
followed by a sharp decrease with increasing EMA dosage up to 7 mg/L. Thereafter there was an 
increase in the 0
th
 moment when the EMA dosage was increased from 7 mg/L to 10 mg/L.  The 
“Agglomeration Tendency” defined as the ratio of the number of seed crystals Ns to the number 
of product crystals Np (Derenzo et al., 1996) was highest at 7 mg/L and lowest at 0 mg/L of 
EMA. Thus, it can be concluded that the “Agglomeration Tendency” increases with increasing 
dosages of EMA up to 7 mg/L or the strength of the agglomerate bonds formed decreases with 
increase in EMA dosage up 7 mg/L making the aggregates more prone to particle breakage.  
The 2
nd
 moment (equivalent to the particle surface area) of the seed and powder in the presence 
and absence of EMA is shown (Figure 4). There was no significant difference in the 2
nd
 moment 
for the seed particles and that obtained in the presence and absence of EMA. This was found to 
be contrary to the trends observed in the 0
th
 moment, where aggregation was found to be 
dominant during the reduction process. Thus, it was expected that the 2
nd
 moment of the powder 
obtained in the presence and absence of additive would be lower than that of the seed. Thus, it 
can be concluded that in this process aggregation significantly affected the particle number but 
not the external surface area.  
Figure 5 shows the number based mean size ( 0.1L  ) and the volume or mass moment mean size D 
(4.3)) for the seed and the powder obtained in the presence and absence of EMA. The 0.1L  shows 
what happens to the smaller sized particles of the PSD, while the D (4.3) shows what happens to 
the larger sized particles of the PSD. There was an overall increase in 0.1L  relative to that of the 
seed material. Increasing the EMA dosage from 2 to 7 mg/L resulted in an increase in 0.1L  
followed by a drop with further increases to 10 mg/L. This can be attributed to aggregation. 
Previous studies have shown that aggregation is size dependent and beyond a critical size of 50 
μm (based on the volume distribution) aggregation ceases (Lewis and Hounslow, 2005; Ntuli and 
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Lewis, 2007). Thus, only the smaller sized particle fraction underwent size enlargement by 
aggregation, which agrees with previous findings. 
The highest D(4.3) was observed at an EMA dosage of 7 mg/L while there was no significant 
difference in the D(4.3) obtained at in the absence of EMA and the other concentration levels 
studied (Fig. 5b). This shows that significant size enlargement occurred at this additive level. 
The D(4.3) of the final powder obtained for the experiments conducted in the first phase of the 
study (5 and 10 mg/L) was lower than that of the seed as opposed to the second phase of 
experiments (2 and 7 mg/L) where the D(4.3) was higher than that of the seed. This difference in 
behavior is largely attributed to differences in the PSD of the seed material. The cumulative 
undersize at 10% (d(0.1)) and at 90% (d(0.9)) for the seeding material used in the first 
experimental phase was 87 and 519 µm, respectively, while that for the second phase was 65 and 
414 µm, respectively. Thus, the seeding material used in the first experimental phase is more 
likely to undergo breakage relative to that used in the second phase.  
The 3
rd
 moment (equivalent to particle volume) was calculated based on the liquor mass balance 
and is shown in Fig. 6. There was an increase in the 3
rd
 moment (approximately 0.5%) 
corresponding to an overall increase in particle volume in the presence and absence of EMA 
when compared to that of the seed. The increase in the particle volume can be attributed to 
molecular growth or nucleation. However, based on the evolution of the 1
st
 and 2
nd
 moment 
(Figs. 3 and 4) and the weighted mean sizes (Fig. 5) there was no evidence of nucleation.  
3.3 Specific surface area and reduction rate 
Figure 7 shows the BET specific surface area of the seed and the powder at different dosages in 
the presence and absence of EMA. There was no significant difference in the specific surface 
area obtained at EMA dosages between 0 mg/L to 7 mg/L. However, there was a drop in the 
specific surface area with further increases in EMA dosage to 10 mg/L. Comparison of the 2
nd
 
moment (Fig. 4) and the average specific surface area (Fig. 7) shows that the change in specific 
surface area was largely due to a change in pore area rather than external surface area. The BET 
specific surface area is a measure of both the pore and external surface area while the 2
nd
 
moment is equivalent to external surface area. There was no significant change in the 2
nd
 
moment (Fig. 4), thus it can be concluded that the change in specific surface area was more 
influenced by changes in the pore area.  
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The average nickel reduction rate determined from the solution mass balance at different EMA 
dosages is shown in Fig. 8. The highest reduction rate was observed in the presence of 7 mg/L of 
EMA and the lowest reduction rate was obtained in the absence of additive. There was no 
significant difference in reduction rate at 2 and 5 mg/L of EMA; however, increasing the EMA 
dosage from 7 to 10 mg/L resulted in a drop in reduction rate. This observation can be attributed 
to a drop in specific surface area as the EMA dosage was increased from 7 to 10 mg/L. The rate 
of reduction has been found to be directly proportional to the surface area available for reaction 
(Mackiw et al., 1957). However, while the specific surface of the seed used in the second phase 
of the experimental study was lower than that used in the first phase (Fig. 7), the reduction rate at 
2 mg/L was still comparable to that at 5 mg/L (Fig. 8). This shows that EMA has a major 
influence on the reduction rate. The increase in reduction rate in the presence of EMA shows that 
it acts as a growth promoter. Since reduction can only occur on the surface of a conductor/semi-
conductor, an additive can only affect the reduction rate by being adsorbed on the surface of a 
conducting substrate.  
3.4 pH and redox potential  
The evolution of the pH and potential with respect to the SHE at different EMA dosages is 
shown in Table 1, where D1, D2, and D3 denote each batch densification (or reduction), 
respectively. As the EMA dosage was increased the potential increased, indicating that the EMA 
dosage influences the potential. It has been found that additives influence the anodic oxidation of 
the reducer, which is the main controlling step in the plating process (Chen et al., 2002; Li et al., 
2004). Thus, the higher the potential, the higher the oxidation speed and hence the higher the 
deposition rate.  
3.5 Powder Purity and particle morphology 
The elemental composition of the powder in the presence and absence of EMA is shown in Table 
2. The Ni content (composition, %) of the seed particles was not significantly different from that 
of the powder produced in the absence of EMA. However, the powder produced in the presence 
of EMA had a higher Ni content than that the seeding material and the powder produced without 
the addition of the additive. There was no significant difference in the Ni of the powder produced 
at different EMA dosages. The P content (composition, %) of the seeding material was below the 
detection limit (about 0.001%); however, there was an increase in P content of the powder 
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obtained in the presence of additive compared to the powder produced in the absence of EMA. 
The high Ni and P content were largely due to the high reduction rate in the presence of EMA. 
The P content in the powder was due to the oxidation of the hypophosphite ion used as a 
reducing agent.  
The SEM micrographs of the seed and the powder in the absence of EMA and at dosages of 5 
and 10 mg/L are shown in Fig. 9. SEM micrographs for the powder obtained at 2 and 7 mg/L 
were similar to those obtained at 5 and 10 mg/L, respectively, thus are not shown on the paper. 
Scanning electron micrographs of the seed shows that the powder was initially slightly closed 
and dendritic (Fig. 9a). In the absence of EMA the powder obtained after three densifications 
was found to be irregularly shaped and slightly closed (Fig. 9b). In the presence of EMA the 
powder obtained after 3 densifications was spherical shaped, open, and dendritic. The powder 
obtained in the presence of EMA was observed to be more porous compared to that obtained in 
the absence of EMA and that of the seed particles. Observation of the SEM micrographs also 
reveals the presence of particle breakage both in the presence and absence of EMA.  
4 CONCLUSIONS 
EMA has been found to act as a reduction catalyst and anti-agglomerating agent. The reduction 
rate obtained in the presence of EMA was approximately three times higher than that obtained in 
the absence of EMA. It is proposed that EMA increases the rate of reduction by increasing the 
anodic oxidation potential of the reducer as evidenced by the increase in potential with 
increasing EMA dosage.  The “Agglomeration Tendency” was found to be lower in the absence 
of EMA and reached a maximum at an EMA dosage of 7 mg/L. Previous studies have suggested 
that EMA promotes aggregation, contrary to the findings obtained in this study. The extent of 
aggregation has been found to depend on the EMA concentration. The powder obtained in the 
presence of EMA was spherically shaped, open, and dendritic. This is desirable for downstream 
operations as it makes it easier to briquette the powder by compaction. The Ni and P content of 
the powder was higher in the presence of EMA when compared to that obtained in its absence 
with more than 99% Ni being realized and approximately 0.2% P. Where higher purity powders 
are required the use of hydrogen as a reducing agent is recommended. Considering the cost of 
the additive, it is recommended that EMA be used at concentrations between 2 and 5 mg/L. In 
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this concentration range the “Agglomeration Tendency” is low and high reduction rates are 
obtained. 
 
 
NOMENCLATURE 
D(4.3) volume or mass moment mean size (µm) 
d (0.1) cumulative undersize at 10% 
d (0.9) cumulative undersize at 90% 
L  particle size or linear dimension (m) 
0.1L  number based mean size 
jm  jth moment of the number length distribution (m
j
·m
-3
) 
n  number density per unit volume of suspension (m
-4
)  
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